Supplementary Data
fig. S1. SDS-PAGE of reduced fibrin gels without (Fib -) and with additional cross-linking by FXIIIa (Fib + ). Samples were polymerized, washed 3x in buffer and prepared with SDS sample buffer containing 500 mM β-mercaptoethanol. The gel was loaded with 8 µg fibrin for the gels and 1 µg fibrinogen (Fg) for comparison. The γ-γ segment is visible in both fibrin samples but more pronounced for the FXIIIa sample.
fig. S2. Differential storage modulus measured as a function of prestrain for three different mixtures of fibrin hydrogels. Three separate hydrogels averaged per data point. Error bars are SEM.
Creep recovery experiments
In addition to viscoelastic measurements of the elastic modulus in shear and tension we performed creep recovery experiments as described earlier for fibrin (29) . This allows additional quantitative mechanical characterization of our samples in addition to the biochemical differences shown by SDS-PAGE ( fig. S1 ).
Under a constant shear stress σ, the sample reacts with an initial strain γ1 , which increases until an equilibrium is reach at a final strain γ1'. The recovery is characterized by the relaxation time from the initial strain γs and γs' after removing the stress. Similar to Nelb et al. we use the ratio of γ1/ γ1' to represent the amount of creep and the fractional recovery (γ1'-γs')/ γ1' to measure the creep recovery of both types of fibrin gels (see Fibrin without additional FXIII needs a longer time to reach a steady strain level in creep as well as in recovery compared to fully cross-linked fibrin as shown in fig. S3 . Furthermore, fully cross-linked fibrin recovers to a higher degree while fibrin without external FXIII recovers to a lesser degree. These results demonstrate that external FXIII ligates fibrin fibers and further prevents network sliding under steady shear stress. This behavior is consistent with results from Nelb et al., for uncross-linked and cross-linked fibrin and indicate that our partially cross-linked gels are likely somewhat ligated. 
Representing average fibrin behavior by a subset of pixels
It was necessary to ensure that we are analyzing only protein, and therefore have to discard areas of the image that contained microbeads and those pixels in the data with prohibitively low protein concentration such that the spectral decomposition became unreliable. Neither of these effects was a constant number of pixels from image to image. Using the 30 pixels with highest protein concentration was done to ensure a consistent number of spatial pixels for analyses of datasets where average structure content was calculated (Figs. 3 and 4 and fig. S6 ). Thus, pixels with polystyrene signatures in the BCARS data were initially removed, and then the top 30 pixels in protein concentration from the remaining pixels were used as representative pixels for calculating the average secondary structure within the hydrogel. While, indeed, the number 30 is somewhat ambiguous, and we could have selected more or less pixels, we empirically found 30 to be an appropriate number to include a reasonable proportion of the total area, ensure that the spectral decomposition would not fail for unsupervised data processing, and ensure that all calculations for Figs. 3 and 4 and fig. S6 had the same number of data points for each experiment and each strain level. We are aware that this selection biases our analysis to regions of the sample with larger fibrin concentration; however, including additional pixels with lower protein concentration changes the derived secondary structures by less than 2% as shown in fig (a, b) relaxed gels, 56% vertical strain (c, d) and 100% vertical strain (e, f). Pixels with CH3 intensity below threshold as well as pixels that showed polystyrene signal were excluded from further analysis and are shown in gray. Scale bars represent 4 µm. The load was applied vertically. Histogram plots of all three samples had a bin size of 1%. Gels had a protein concentration of 7.5 mg/ml.
fig. S10. Images and histogram plots showing the random coil peak contribution as percent content within partially cross-linked fibrin gels at different strains. (a, b) relaxed gels, 56% vertical strain (c, d) and 100% vertical strain (e, f). Pixels with CH3 intensity below threshold as well as pixels that showed polystyrene signal were excluded from further analysis and are shown in gray. Scale bars represent 4 µm. The load was applied vertically. Histogram plots of all three samples had a bin size of 1%. Gels had a protein concentration of 7.5 mg/ml. fig. S12. Spectral maps for 85% vertical strained cross-linked hydrogel. Panels show the decomposed α helix content (a), β sheet content (b) and the random coil content (c). Pixels with CH3 intensity below threshold or one that showed spectral features of polystyrene microbeads are shown in gray. Scale bars represent 4 µm.
Influence of mesh size on the change of secondary structure under tension
To briefly explore the influence of higher fibrinogen concentration, and therefore a smaller mesh size in fibrin hydrogels, on changes in secondary structure with tensile load, we repeated the tensile deformation experiments for partially cross-linked fibrin of 15mg/ml fibrinogen concentration. Multiple studies have shown that an increased concentration of protein leads to a smaller mesh size and more branching points in the hydrogel (2, 5, 47, 48) . Estimations of the mesh size from confocal microscopy images showed a decrease of the mesh size ξ with the relation ξ ~ c -0.5 to the fibrinogen concentration (2). In agreement with these observations, our resulting gels showed a denser network with a higher number of branching points as can be seen by representative confocal images (see fig. S13 ). Both images shown were acquired 20 µm above the coverslip to ensure that the bulk properties are measured.
To investigate the mechanical properties of the high-concentration gel, we used shear rheometry as described in the methods section. The 15mg/ml fibrin had a higher K' in the linear regime compared to the 7.5 mg/ml fibrin (fig. S2 ). The onset of the linear regime was earlier than for the low concentration gels. Similar measurements were previously performed for a broad range of concentrations from Piechocka et al.
(2). Our experimental results on changes in secondary structure with tensile strain show that the low protein concentration (7.5 mg/ml) gels showed less pronounced changes in the secondary structure ( fig. S14 ) than gels of high concentration (15 mg/ml). Interestingly, the changes in secondary structure appear very similar to that observed in fully cross-linked 7.5 mg/ml hydrogels. In such a denser fibrin network, tensile forces are distributed amongst more entangled structural components (49). Apparently, this results in increased force transmission within the network fibers and more protein unfolding as opposed to sliding of fibers. 
Supplementary Methods

Broadband CARS microspectroscopy
A spectrally narrow pump beam (λ = 1064 nm) and a spectrally broad Stokes beam (λ = 400-2400 nm) are provided from a commercial source (Leukos-CARS, Leukos). The Stokes beam is filtered to produce a final bandwidth from 1100-1600 nm with a spectral power density of more than 100 µW nm -1 . The beams are sent to an inverted microscope (Eclipse Ti-U, Nikon) where they are focused into the sample via a water immersion objective (60x IR, 1.2 NA, water-immersion, Olympus). At the sample the total average laser power is 16 mW. The sample is mounted on a xyz piezo stage (Nano-PDQ 375 HS, Mad City Labs) to raster-scan with a step size of 0.5 µm. CARS signal is collected in the forward direction by a second objective (63x IR-VIS, 1.0 NA, water-immersion, Zeiss), and the pump and Stokes beams are removed by a notch (NF03-532/1064E-25, Semrock) and a short-pass filter (FES1000, Thorlabs), respectively. The CARS light is then dispersed in a spectrometer (Shamrock 303i, Andor) and analyzed by a cooled CCD camera (Newton DU920P-BR-DD, Andor) ( fig. S16 ). The grating and focusing into the spectrometer resulted in a spectral range from 500 cm -1 to 4000 cm -1 with a spectral pitch of ~ 4 cm -1 . The instrument is controlled with software written in LabView (National Instruments).
fig. S16. Schematic of the BCARS microscope setup. Pump and probe beam are generated at λ = 1064 nm. A photonic crystal fiber (PCF) broadens the Stokes laser spectrum, which is then spectrally filtered (LPF) to a range of λ = 1100 -1600 nm. Both beams are combined by a dichroitic mirror (DM) and directed to an inverted microscope. The beams are focused into the sample excitation objective (Exc. Obj.), and the created forward CARS signal is collected by the collection objective (Col. Obj.). Two water immersion objectives are used to reduce losses due to reflection and to obtain a tighter focus in the hydrogel sample. The pump and probe beam are filtered (NF/SPF) and the CARS signal is spectrally analyzed by a spectrograph with an attached CCD camera. The zoomed drawing depicts the geometry of the objectives and hydrogel sample. The fibrin hydrogel is glued to two cover slides, one that is fixed and the other that is moveable and mounted to a translation stage. To perform B-CARS raster scanning, the entire device is mounted on a xyz piezo-stage.
Confocal microscopy
Fibrinogen from human plasma conjugated with Alexa Fluor 488 (#F13191, Thermo Fisher Scientific) was mixed with unlabeled fibrinogen in a ratio of 1:10 and let polymerized as described in the methods section. To analyze the mesh size samples were then imaged on a TCS SP5 confocal microscope (Leica) equipped with a HCX PL APO CS 63.0x 1.20 WATER UV objective (Leica). Scanning was done with a step size of 48 nm along x and y and 125 nm along the z axis. Confocal images were deconvolved with the Huygens software package (Scientific Volume Imaging) and contrast adjusted in ImageJ.
Shear rheology for creep recovery tests
Creep recovery experiments were performed on a stress controlled Gemini 200 shear rheometer (Bohlin Instruments) with parallel plate geometry at room temperature and 100% humidity. The samples had a thickness was 250 µm and a diameter of 25 mm. Fibrin samples were polymerized in the rheometer for 2h and sealed with silicon oil after polymerization to prevent drying of the samples.
